CNR ϭ contrast-to-noise ratio FISP ϭ fast imaging with steady-state precession FLASH ϭ fast low-angle shot IR ϭ inversion recovery TI ϭ inversion time To prospectively determine if phase-sensitive inversion-recovery (IR) magnetic resonance (MR) imaging eliminates the need to find the precise inversion time (TI) to null the signal of normal myocardium to achieve high contrast between infarcted and normal myocardium.
compared with these methods, and it can be used to differentiate transmural and nontransmural myocardial infarction. The area of hyperenhancement shows a close correlation with the histopathologically determined area of myocardial infarction in animal experiments (2) .
The most widely used pulse sequence in the depiction of late enhancing areas in the myocardium is the IR turbo fast low-angle shot (FLASH) sequence with magnitude reconstruction. This pulse sequence requires an individual adaptation of the inversion time (TI) to achieve optimal signal increase between infarcted and viable myocardium. At the optimal TI, the signal intensity of normal myocardium is nulled. Several breath holds can be necessary to determine the optimal TI value. An error in selection of the optimum null time leads to a reduction in contrast, and it may reduce the visible hyperenhanced area; therefore, it may cause underestimation of the extent of infarction (2-4).
Kellman et al (5) described experimental data and results of phase-sensitive reconstruction that show the potential benefits of both phase-sensitive IR image reconstruction and surface coil intensity normalization in the detection of myocardial infarction.
The purpose of our study was to prospectively determine if phase-sensitive IR MR imaging obviates the need to find the precise TI to null the signal of normal myocardium to achieve high contrast between infarcted and normal myocardium.
MATERIALS AND METHODS
The department of cardiovascular MR imaging (Siemens Medical Solutions, Erlangen, Germany) is responsible for the development of the phase-sensitive IR true fast imaging with steady-state precession (FISP) pulse sequence. One author (C.H.) is responsible for implementation and technical support for the use of this technique. Authors who do not work for a company (A.M.H., S.O.S., B.S., M.G.E., W.M.F., M.F.R.) had complete control of data and results.
Patient Population
A total of 20 patients who experienced Q-wave myocardial infarction and who underwent interventional revascularization with delay (ie, between 24 hours and 3 days) were prospectively enrolled in the study. Only patients who met these criteria between June 10, 2002 , and May 15, 2003, were included. MR examinations were performed between 10 days and 2 weeks after infarction. The institutional ethics committee approved this study. Informed consent was obtained from each patient for the prospective MR imaging research study and the MR examination. The mean age of the 20 patients (16 men and four women) was 56 years Ϯ 12.3 (age range, 40 -76 years). None of the patients had unstable angina, New York Heart Association class III or IV heart failure, or contraindications to MR imaging. Myocardial infarction diagnosis was based on abnormal electrocardiograms and biochemical evidence.
MR Imaging
All MR images were obtained with a 1.5-T unit (Magnetom Sonata; Siemens Medical Solutions, Erlangen, Germany) with eight channels and a dedicated 12-element phased-array body coil. Electrocardiograms and heart rate were monitored with the physiologic monitor of the imager (MR-compatible monitoring system). All patients were examined in the supine position. A 20-gauge cannula was placed in an antecubital vein for injection of contrast material.
Scout images were obtained to deter- nversion pulse is used to improve T1 contrast. The magnetization amplitude for magnitudereconstructed images is shown schematically for infarcted myocardium and normal myocardium as a function of the delay time to the inversion pulse. The sign of the amplitude is negative for short TIs for normal and infarcted myocardium. At optimal TI, the signal intensity of normal myocardium is near zero.
Volume 237 ⅐ Number 3 MR Imaging of Myocardial Infarction ⅐ 855 mine the exact position and standard orientations-long-axis, four-chamber, and short-axis views-of the left ventricle. Gadobenate dimeglumine (Multihance; Bracco, Milan, Italy) was injected at a dose of 0.1 mmol per kilogram of body weight and was followed by 20 mL of saline.
Optimization of TI
At 10 minutes after contrast material administration, a segmented IR cine true FISP pulse sequence was performed at a midventricular short-axis location. This sequence was used to determine the TI at which the signal of normal myocardium is null for the subsequent delayed enhancement acquisition (6) . The sequence technique (7), which is based on an approach proposed by Scheffler and Henning (8) , is shown schematically in Figure 1 . Thus, after a nonselective hyperbolic secant pulse applied after the R-wave trigger, multiple cardiac phases were acquired by using a segmented true FISP readout. The resulting 23 cine images show the recovery of the longitudinal magnetization at multiple time intervals, in increments given by the temporal resolution, after inversion. In our implementation, seven k-space lines were acquired per segment per cardiac phase, thus resulting in a temporal resolution of 15.0 msec (repetition time msec/echo time msec, 2.2/1.1; flip angle, 50°), and breathhold duration of 14 cardiac cycles. The spatial resolution was typically 2.6 ϫ 1.8 ϫ 10.0 mm, the field of view was 340 ϫ 265 cm, and the matrix was 192 ϫ 102. From the images obtained with TI values of 185-515 msec, the optimum TI value was determined with visual assessment performed by two operators working in agreement (A.M.H., S.O.S.). The optimum TI was that which was used to obtain the image in which the signal intensity of normal myocardium was near null, and the signal intensity of the left ventricular cavity was lower than that of the infarcted region.
Imaging of Delayed Contrast Enhancement
A segmented IR turbo FLASH sequence (Fig 2) , with TI adjusted as described previously, was used to cover the entire left ventricle in the short-axis view, with a 1-cm section distance (3) . This pulse sequence is well established, and it served as the reference standard. Pulse sequence parameters were as follows: 8.0/4.0; flip angle, 25°; and bandwidth, 140 Hz per pixel. A total of 20 k-space lines were acquired in 160 msec in mid-diastole during a time window of minimal cardiac motion. With data acquisition every second heartbeat, imaging of one section was possible during nine cardiac cycles. These pulse sequence parameters are similar to those used by Simonetti et al (3) . At one representative section location chosen by two investigators in agreement (A.M.H. and S.O.S., each with 6 years of experience in cardiac MR imaging), images were acquired at different TI values by using the segmented IR turbo FLASH sequence described previously and a segmented IR true FISP sequence that uses both magnitude and phase-sensitive reconstruction (sequence will be described later). The TI values were consecutively increased from 200 to 600 msec in 100-msec steps. Images at the selected section location were acquired in alternating sequence order. The alternating order was chosen to eliminate a systematic error due to the change in the optimal TI over the time of the examination owing to washout of contrast material (6, 9) . For comparison purposes, the field of view (330 ϫ 330 cm) and spatial resolution (1.8 ϫ 1.3 ϫ 8 mm) were the same for both pulse sequences.
The details of the IR true FISP pulse sequence are shown in Figure 3 . After a trigger delay to allow data acquisition in mid-diastole during 180 msec, a nonselective adiabatic inversion pulse is applied every second heartbeat. After a time delay, 60 k-space lines are acquired with a true FISP readout and a flip angle of 50°. This is followed by the acquisition of a reference data set in the next heartbeat and in mid-to late diastole by using a true FISP readout; however, a flip angle of 8°is used. In our implementation, for a matrix size of 256 ϫ 180, a repetition time of 3 msec, an echo time of 1.5 msec, and a bandwidth of 760 Hz/pixel, six cardiac cycles were required to complete the entire acquisition of one section. Two images, a magnitude-reconstructed image and a real image, are reconstructed. The real image is obtained by using phasesensitive reconstruction, whereas the reference data, which are acquired every second heartbeat, are used to perform background phase correction and surface coil normalization. The phase-sensitive reconstruction method is described in detail by Kellman et al (5) .
Image Evaluation
Images were analyzed by definition of regions of interest: Signal intensity, standard deviation of signal intensity, and contrast-to-noise ratio (CNR) were determined by measuring signal intensities in regions of interest that were placed by one reader (B.S.) in the remote myocardium (no hyperenhancement), the left ventricular cavity (fixed size of region of interest, 2 cm 2 ), the infarct area (hyperenhancement), and the background ventral and lateral to the patient. Infarct size was measured with agreement of two readers (B.S., 3 years of cardiac MR experience; A.M.H.) by means of manual tracing of the borders of the entire myocardium and the hyperintense myocardium on each section at all TI values by using Argus software at a Leonardo workstation (Siemens Medical Solutions). An evaluation was performed in a manner similar to that described by Flacke et al (10) .
Signal intensity and CNR (the difference of infarction signal intensity minus normal myocardium signal intensity divided by the standard deviation of signal intensity of background) values were determined for both sequence types at each TI value for enhanced myocardium and normal myocardium.
The area of hyperenhanced myocardium was determined first for each shortaxis section on IR turbo FLASH images. The values of the area of hyperenhanced myocardium of single sections were added to determine the entire infarct volume. The hyperenhanced area was then determined on the selected section for comparison of the different image types and TI values. The two image sets obtained with the IR true FISP sequence and the image set obtained with the IR turbo FLASH sequence performed with different TI values were compared with the images obtained with the IR turbo FLASH sequence performed with optimal TI (reference standard). 
Statistical Analysis

RESULTS
Characterization of Myocardial Infarction
Eleven infarctions were located in the anteroseptal segments, five were located in the inferoseptal segments, and four were located in the inferolateral segments. The IR turbo FLASH images, which were acquired with optimal TI (mean, 330 msec Ϯ 55), showed eight infarctions with a complete transmural extent, five with a 50%-75% extent, five with a 25%-50% extent, and two with a 25% maximum extent of the thickness of the myocardium. The mean volume of injured myocardium was 32.5 mL Ϯ 13 (standard deviation). The mean percentage of infarcted myocardium in relation to the entire left ventricular myocardium was 22%.
Contrast of Infarction
In the case of images acquired with the IR turbo FLASH pulse sequence and a TI value of 200 msec, the infarcted myocardium can show hypointense signal intensity (Fig 4) The highest loss of CNR between normal and infarcted myocardium for all three image types was found for the shortest TI value (200 msec) in the case of the magnitude-reconstructed images. Phase-sensitive reconstructed images, however, show no loss of CNR for short TI values. In contrast to magnitude-reconstructed images, the highest CNR mean value for phase-sensitive images was found for a TI of 200 msec.
For optimal TI, the three image types show very similar CNR values: 6.6 for IR turbo FLASH images and 6.2 and 6.1 for magnitude-reconstructed and phase-sensitive images of the IR true FISP sequence, respectively. The mean CNR values of all images acquired with different TI values were compared with those of magnitudereconstructed IR turbo FLASH images, which were acquired with optimal TI: There was no significant difference for all image types acquired with the optimal TI and for all phase-sensitive reconstructed images, except for those acquired with a TI value of 600 msec ( Table 1, Fig 5) . A significant difference was found for magnitudereconstructed images (IR turbo FLASH and IR true FISP) when they were acquired with a TI value that was shorter or longer than the optimal TI value ( Table 1) . CNR loss for the magnitude-reconstructed image is lower for longer TI values (Ն330 msec) compared with CNR loss for the shortest TI value (200 msec) (Fig 5) .
Area of Infarction
The area of hyperenhanced myocardium is in close agreement for the three image types with longer TI values (400 -600 msec). Comparison of the mean areas determined from the different image types with the Student t test (Table 2) shows no significant difference between the area of infarcted myocardium on the magnitudereconstructed IR turbo FLASH images and both magnitude-reconstructed and phasesensitive IR true FISP images acquired with TI values of 400 -600 msec compared with the reference images (IR turbo FLASH with optimized TI). At 200 msec, the infarct area is significantly underestimated on the magnitude-reconstructed images acquired with both the IR turbo FLASH and the IR true FISP sequences compared with that on images obtained with optimal TI (Table 2 , Figs 6, 7).
DISCUSSION
Kim et al (2) investigated acute and chronic infarction in dogs. MR images acquired 30 minutes after administration of contrast material showed hyperenhancement of myocardial tissue, with excellent spatial correlation between the hyperenhancing areas and the necrotic areas identified at histopathologic examination after staining of the entire left ventricle with triphenyltetrazolium chloride. The same study also showed that transient ischemia with reperfusion caused no hyperenhancement.
In contrast to fluorine 18 fluorodeoxyglucose PET, contrast-enhanced MR imaging is able to image the myocardium with superior spatial resolution (2). Thus, complete transmural infarctions can be distinguished from nontransmural infarctions by steps smaller than 25% of the thickness of the left ventricular myocardium. The contractility of dysfunctional but viable myocardium (ie, no hyperenhancement) can potentially improve after revascularization, even if the transmural extent of hyperenhancement is 50%. Complete transmural infarctions have a low probability of improved contractility (1). Thus, knowledge of the transmural extent of viability is important in the prediction of an improvement of regional wall motion after surgical revascularization, especially in patients with reduced left ventricular ejection fraction (1) .
It is known that regions of myocardial infarction exhibit higher signal intensity than do regions of normal myocardium on unenhanced T2-weighted MR images (11, 12) and contrast-enhanced T1-weighted MR images (13) (14) (15) (16) . Since the initial investigations, many studies have been performed with a variety of pulse sequences to differentiate between infarcted and normal myocardium and to distinguish between reversible and irreversible ischemic injury. Kim et al (2) and Simonetti et al (3) implemented a breath-hold IR segmented turbo FLASH MR sequence for T1-weighted contrast-enhanced imaging of infarction that produces strongly T1-weighted images. Some features of the sequence are similar to those of the segmented turbo FLASH technique for breath-hold MR imaging of the abdomen, as described by Edelman et al (17) . Simonetti et al (3) compared 10 different pulse sequences acquired with unenhanced and contrast-enhanced administration and found the greatest differences in regional myocardial signal intensity for the breath-hold segmented IR turbo FLASH sequence. In the literature, this is the pulse sequence that is the most investigated and established (2, 3, 13, 14, 18) ; therefore, we chose this sequence as the reference standard in the present study.
In contrast-enhanced IR imaging, TI is adapted individually for each examination to null the signal of the normal myocardium, thus ensuring optimal contrast between infarcted and viable myocardium. In the case of magnitude image reconstruction, the performance of IR delayed hyperenhancement is highly sensitive to the choice of TI. A suboptimal TI can result in a reduction in contrast or even nullify the contrast between infarcted and normal myocardium completely (12) . There are different methods available to optimize the TI value. Images can be acquired with different TI values, and the best TI value can be chosen by trial and error. This can be time consuming. An alternative approach is to use a TI optimizing sequence, such as that described previously, that acquires images with different TI values and reduced spatial resolution (6 -8) . To avoid this optimization procedure, Kellman et al (5) proposed the use of phase-sensitive IR with surface coil normalization and presented experimental results demonstrating the advantages of the technique for visualization of myocardial infarction. A fast gradient-recalled echo pulse sequence with interleaved phase-encode ordering and phase-sensitive reconstruction was used by Kellman et al (5) , with the acquisition of an IR image (flip angle, 20°) and a reference image (flip angle, 5°) during a single breath hold. The sequence used in the present study, unlike that used by Kellman et al (5), combines phase-sensitive reconstruction and surface coil normalization with a true FISP imaging technique. Otherwise, the acquisition and image reconstruction methods are similar. In contrast to the findings of Kellman et al (5) , the TI values used in our study were 200 msec and longer, as our clinical experience and the experience of other researchers have shown that an optimal TI of 200 -350 msec is typical for images acquired 10 minutes after contrast material administration (11, 13, 14) . In the present study, the optimal TI was, on average, 330 msec.
The results of the present study show that the CNR values of the phase-sensitive reconstructed IR true FISP images are superior for short (ie, 200 -300 msec) and long (ie, 400 -600 msec) TI values compared with the CNR values of magnitude-reconstructed images of the IR turbo FLASH pulse sequence. On average, the CNR of the phase-sensitive reconstructed IR true FISP images was lower than that of the magnitude-reconstructed IR turbo FLASH images only at TI values determined as optimal for the latter; however, this difference was not significant. The clear advantage of phase-sensitive reconstruction compared with magnitude reconstruction is that the difference in CNR between normal and infarcted myocardium is consistently positive, and the infarct area remains relatively constant over a wide range of TIs. The average estimated infarct area decreased significantly at a TI of 200 msec for both IR turbo FLASH and IR true FISP magnitude-reconstructed images compared with that for the magnitude-reconstructed IR turbo FLASH image acquired at optimal TI. This is likely caused by the reduction in contrast between normal and infarcted myocardium; this reduction is due to the loss of signal polarity when short TI values are used.
It should be pointed out, however, that phase-sensitive reconstruction combined with surface coil normalization could result in a loss in CNR and signal-to-noise ratio. Given that surface coil normalization was not performed for the magnitude-reconstructed images, the CNR comparison in the present study is not entirely justi- fied. As the results demonstrate, however, the CNR gain due to the preservation of signal polarity with phase-sensitive detection outweighs any loss due to surface coil intensity correction. Especially in the early phase after infarction, injured myocardium shows edema and, therefore, hyperintense signal intensity on images obtained with T2-weighted pulse sequences (13, 14, 19) . It has been previously reported that the area of edema can be larger than the hyperenhanced region on delayed enhanced images (20) . One could argue that true FISP-based sequences are likely to have a reduced T1 contrast (3), which will result in reduced differentiation between edema and hyperenhanced infarct. However, Scheffler and Henning (8) and Li et al (21) have shown that IR-prepared true FISP results in images with strong T1 weighting, comparable with that of IR snapshot FLASH. Furthermore, in the present study, no overestimation of the area of infarction for the phase-sensitive reconstructed true FISP images compared with the magnitude-reconstructed IR turbo FLASH images acquired at optimal TI was found. In fact, the lesion area remained constant over the entire range of TI values (200 -600 msec) in the phase-sensitive reconstructed images. While comparison of the magnitude-reconstructed images was not the aim of the present study, it is interesting to note that the CNR of the magnitude-reconstructed IR true FISP images was comparable with that of IR turbo FLASH images for all TI values except 200 msec. This exception may be attributed to slight differences in T1 weighting with the two techniques, which would be expected to be more prominent for shorter TIs.
The results of the current study provide evidence to support the use of phase-sensitive reconstruction (22) at a nominal standard TI, as suggested by Kellman et al (5) on the basis of a study that used a similar phase-sensitive reconstruction technique with IR turbo FLASH. Phase-sensitive reconstruction is likely to reduce the number of breath holds necessary to ensure optimal image quality (eg, small endocardial infarcts or myocardial enhancement in hypertrophic cardiomyopathy, where meticulous attention to the choice of TI in magnitude reconstruction techniques is essential). Our results suggest that the phase-sensitive IR true FISP pulse sequence could be used with a nominal standard TI between 200 and 300 msec, without loss in image contrast and diagnostic information.
Our study has limitations. Instead of the entire infarction, one representative section was compared for two different pulse sequences and two reconstruction methods. When the entire short axis is acquired with two different pulse sequences and seven different TI values, however, the acquisition time is too long to avoid contrast material washout and relevant change of optimal TI during the acquisition time that is necessary to image the infarction completely.
In conclusion, phase-sensitive image reconstruction results in reduced need for precise choice of TI and more consistent image quality. In the future, it is expected that magnitude image reconstruction may be replaced by phase-sensitive reconstruction techniques, with a default TI for a given contrast material dose and delay after injection.
